Compensation of the beam-beam effect in high-energy proton-proton colliders using a low-energy electron beam is proposed. It is concluded that such compensation looks feasible.
Introduction
The head-on beam-beam effect is the major source of nonlinearities in high-energy colliders.
Such nonlinearities impose certain limits on the collider luminosity due to beam instability. Even if the long-range beam-beam interaction could be avoided in some crossing schemes, the head-on beam-beam instability remains as the most fundamental luminosity limitation for proton-proton colliders. The strongly nonlinear beam-beam force excites high-order betatron resonances, so particles diffuse into the tails of the transverse distributions and get lost. For the Superconducting Super Collider (SSC) the beam-beam interaction luminosity limit is about 3 X cm-2s-1,
i.e., well above the design luminosity of lG3 cm-2s-1. However, the tune spread generated by head-on beam-beam interactions causes fast decoherence of the betatron oscillations [l] and, therefore, imposes more stringent requirements on any feedback system. This is especially important for such a low-emittance machine as the SSC. For the Large Hadron Collider (LHC), with its design luminosity of 1.6 X cm-2s-1 and a lower energy, a solution for compensating the head-on beam-beam effect is even more important.
Scheme of compensation
The head-on beam-beam effect in proton-proton machines is the defocusing of particles of one bunch by the space charge of the counterrotating bunch. It might be compensated, under certain conditions, by collisions of the bunch on each turn with a space charge of the opposite sign-for example, with a low-energy electron beam. This assumes that we are still far away from the conditions of one-pass collective instabilities [2].
A simple and reasonable approach to the calculation of the head-on beam-beam effect for the case of a relatively low beam intensity is the so-called weak-strong model. In this model one beam is regarded as "weak" and the counterrotating beam, unperturbed by the weak beam, is considered as "strong." If the particle distribution of the counterrotating ("strong") beam is a round Gaussian, the kicks given to the protons of the "weak" beam by the space charge of the "strong" beam are [3] :
where N b is the number of particles in a bunch of the strong beam, rp the classical proton radius, yp the Lorentz relativistic factor of a 20-TeV proton, and (J the rms beam size at the low-p IPS. 
Behavior of lowsnergy electrons inside the proton bunch
One of the problems with using a low-energy electron beam for beam-beam effect compensation is electron oscillations during passage through the proton bunch. Even passing once and then being dumped, electrons experience some oscillations inside the proton bunch, which makes it difficult to distribute proper kicks among all the protons in the bunch. Figure 1 presents a trajectory of a 10-keV electron with an impact parameter of 100 pm colliding with a bunch of 10'' protons. The space distribution of protons is three-dimensional Gaussian with Ox = Oy = 100 pm, 0 , = 50 mm, which represents the typical parameters of the SSC beam. The Z B E M tracing code used is described elsewhere [4] . To simplify the calculations, only transverse components of the electrical field of the bunch were taken into account. This is a good approximation for a long bunch with small transverse dimensions. Because of the low energy ofthe electrons we neglect possible radiation effects.
As seen in Figure 1 , a 10-keV electron makes several oscillations before it leaves the proton bunch. This immediately imposes difficulties in delivering the proper kick to all the protons in the bunch, because the distribution of electron density in the bunch will vary along the bunch length.
(Some kind of pinch effect occurs.)
Three methods were considered to avoid this difficulty. First, one can use electron beams with different energies to vary the pinch frequency and distribute the negative charge inside the proton bunch more uniformly. Second, one can try to introduce some angular spread in the electron beam to smear the pinch effect. Third, a solenoidal magnetic field could be used to prevent electron oscillations. It was found that the solenoidal field option presents the best solution to the problem. 
Configuration of the device
Figure 5 presents a design for a possible device for beam-beam effect compensation. A low-energy electron beam, being kept transversally stable by the solenoidal magnetic field, is directed by the deflecting magnets to the interaction region to produce a head-on collision with the proton bunch. The influence of the solenoidal magnetic field on the proton bunch is then compensated by the same field configuration with the opposite polarity.
We believe that in this way it is possible to reduce the head-on beam-beam effect in practice by one or two orders of magnitude, and to improve considerably the high-luminosity performance of future proton-proton colliders. 
